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Introduction
It is well recognised that based on hours of exposure to sporting activity females are more likely to suffer a non-contact ACL injury compared to males [1] with the proposed mechanisms for this increased relative risk multifactorial [2] . It has been suggested that irrespective of sex it is important that the muscles produce efficient muscular control to provide compression to maintain joint stability (dynamic stability), by co-activating and producing joint stiffness and net joint moment [3] . Their co-activation improves joint stiffness and decreases ACL strain [4] , however, functional stability changes during movement since both static and dynamic stability are affected by joint angle and movement velocity. Previous studies have identified a link between injury incidence, especially ACL rupture, and low hamstring to quadriceps ratios, indicating that compromised H/Q ratios are a risk factor for injury [5, 6 ].
The functional ratio (H/Q FUNC ) (Eccentric Hamstrings / Concentric Quadriceps) has been
proposed to appropriately reflect co-contraction of the limb [3, 7] but despite a growing literature base exploring the H/Q FUNC little regard has been given to joint angle specific determination of the ratio. Most studies divide the velocity specific eccentric peak torque value for the hamstrings by the concentric peak torque value for the quadriceps [8] [9] [10] [11] .
However, this method of determination lacks functional relevance as it does indicate cocontraction capability of the muscle around the joint. Simply using peak torque also fails to examine the ratio at joint angles where injury is most likely to occur (e.g 0-30° of knee flexion). Peak torque values for the hamstrings and quadriceps during concentric and eccentric muscle actions occur during the mid-range of the movement and previous studies have demonstrated that the muscle specific torque generating capability during concentric and eccentric actions are altered at decreased joint angles [12, 13] . An additional problem of using peak torque values to calculate the H/Q FUNC ratio is that concentric and eccentric PT will most likely not occur at the same joint angle.
Only a few studies appear to have examined the angle specific H/Q FUNC ratio using small sample sizes, from males only, and do not all include joint angles near full knee extension [3, 14, 15] . However, these studies have reported an increase in the H/Q FUNC as the knee approaches extension with one reporting ratios as high as 3.14 at 180º /s in pubertal males [16] . Current data would suggest that muscular control of the knee is highly dependent upon the angular position examined in males however, it remains to be established if this is similar in females. Determination of the H/Q FUNC at more extended knee positions may be more important for females seeing as biomechanical analysis indicates that females tend to land with the knees in more extended joint positions [17] . Additionally, studies determining the H/Q FUNC have tended to determine torque in a seated position with the hip flexed (80-90° of flexion). It is well recognised that injury is most likely to occur when the hip is extended (around 10° of hip flexion) and therefore determination of torque with the hip flexed might be considered not functionally relevant. For example, a recent study indicated that the H/Q FUNC is significantly lower when the hip is flexed at 10° compared with 80° [18] .
A number of studies have examined changes in the H/Q FUNC with increasing velocity and as peak torque has been used to calculate the H/Q FUNC most studies have demonstrated a significant increase in the ratio with increasing velocity [7, 10, 16] . This is attributed to the decrease in concentric force production with increasing velocity compared to the plateauing of torque production with increasing velocity during eccentric actions. However, whether this relationship remains when the H/Q FUNC is calculated using angle specific data remains to be identified. This muscular control of the knee during fast velocity movements (such as sprinting) has important implications for injury risk.
Data exploring sex differences in the H/Q FUNC are conflicting [7, 19, 20] and may be related to the different age ranges and training background of participants. Others have suggested that sex differences in H/Q FUNC are generally observed only at high knee angular velocities that approach those during sports activities [21] . These data suggest that muscular control of the knee during fast extension movements may be less optimal in females compared to males, but this hypothesis requires investigation at joint angles where injury is likely to occur.
The combination of hip position, joint angle and movement velocity may all have a cumulative effect on sex differences in muscle control since both static stability and neuromuscular function can be affected. Thus, the purpose of this study was to examine the effect of joint angle and movement velocity on sex differences in the H/Q FUNC .
Material and Methods

Participants
One hundred and ten participants, consisting of 55 males (age = 29 ± 5 y; stature = 1.81 ± 0.07 m; body mass = 82 ± 7 kg) and 55 females (age = 27 ± 6 y; stature = 1.61 ± 0.08 m; body mass = 68 ± 9 kg) who were recreationally active adults (engaging in 2-5 hours of moderate physical activity 3-5 days per week, but not involved in systematic sports training) completed the study. Participants were instructed to avoid their regular training regimens throughout the experimental period and not to take part in any vigorous physical activity 48 hours preceeding each testing day. There were 4 exclusion criteria in this study: (1) previous surgery of the knee (2) histories of orthopaedic problems, such as episodes of hamstrings injuries, fractures, surgery or pain in the spine or hamstring muscles over the past six months; (3) evidence of self-reported delayed onset muscle soreness (DOMS) at a testing session; and (4) for female participants being in the luteal phase of the menstrual cycle which was selfreported by the participant. None of the participants reported any form of musculoskeletal disorder at the time of testing. The participants were verbally informed about the study procedures before testing and provided written informed consent. The study was approved by the University's Research Ethics Committee. Participants visited the laboratory one week prior to testing to familiarise themselves with the laboratory and the experimental procedures.
Isokinetic assessment
A Biodex System-3 Isokinetic dynamometer (Biodex Corp., Shirley, NY, USA) and its respective manufacture software were used to determine peak torque during knee extension and flexion movements. The dynamometer was calibrated according to the manufacturer's instructions before the start of each test session.
Testing began with a standardised warm up consisting of 5 minutes of cycling at 60W on a Monark cycle ergometer 814E (Varberg, Sweden). Two minutes after the warm up was completed, maximal concentric and eccentric isokinetic peak torque for knee flexion and extension of the dominant leg, determined through interview and defined as the leg preference when kicking a ball was tested. Participants were secured in a prone position on the dynamometer with the hip passively flexed at 10º and the body head was maintained at 0º of flexion. The axis of rotation of the dynamometer lever arm was aligned with the lateral epicondyle of the knee and the seat length was adjusted so that the participant`s patella was approximately 2-4 cm away from the edge of the seat. The force pad was placed approximately 3 cm superior to the medial malleolus with the foot in a relaxed position.
Adjustable strapping across the pelvic, posterior thigh proximal to the knee and foot localised the action of the musculature involved. The range of movement was set from 0° (0º was determined as maximal voluntary knee extension for each participant) to 90° knee flexion using a twin axis electrogoniometer (Biometrics, UK). All settings, including seat height, seat length, dynamometer height and lever arm length, were noted during the familiarization session so that they were identical through experimental trials. During the isokinetic testing procedure, the cushion setting on the control panel for the ends of the range of motion was set to its lowest (hardest) setting in order to reduce the effect of limb deceleration on the Concentric/concentric (CON/CON) cycles were performed first during continuous extension/flexion movements with extension always undertaken first. This was followed after 5 min of rest by eccentric/eccentric (ECC/ECC) actions. For both muscle actions, three cycles of knee flexions and extensions were performed at three preset constant angular velocities in the following order: 60, 120 and 240º/s (slow to fast) with 30s rest between velocities. The passive eccentric mode was chosen so that the full range of movement would be completed for every action. For both CON/CON and ECC/ECC cycles, participants were encouraged to push/resist as hard and as fast as possible and to complete the full range of motion.
Participants were told to abort the test if they felt any discomfort or pain. During the test, all participants were verbally encouraged by the investigator to give their maximal effort, and the instructions were standardized by using key words such as "resist", "push/pull" and "hard and fast as possible". The H/Q FUNC ratio was determined for each velocity by dividing eccentric hamstrings torque by concentric quadriceps torque using 4 angle specific torque values using the highest torque achieved from the 3 repetitions. These were 15, 30 and 45° of knee flexion and using the angle of maximal PT obtained during concentric quadriceps action for each velocity.
Statistical analysis
Statistical analyses were performed using the Statistical Package for Social Sciences (v22.0).
Firstly the distribution of raw data sets was checked for homogeneity and skewness using the Kolmogorov-Smirnov test. Descriptive statistics including means and standard deviation were calculated for each measure. A 2 (sex) x 4 (joint angle) x 3 (movement velocity) analysis of variance was undertaken to determine the influence of joint angle and movement velocity on sex differences in the H/Q FUNC. Significant interaction and main effects were further examined using Bonferroni-corrected post hoc t-tests. The level of significance was set at P < 0.05 for all tests.
Results
H/Q FUNC by sex, velocity and joint angle can be seen in Figures 1 and 2 For the H/Q FUNC ratio at 60°/s, 120°/s and 240°/s, a statistically significant interaction (F (3, 108) = 4.310, p < 0.01) was observed between knee joint angle and sex. Post hoc analysis revealed that the H/Q FUNC ratio was significantly lower at 15° and 30° in females compared to males, but not at 45° or where PT occured. A significant main effect (p < 0.05) for sex was observed for all knee joint angles irrespective of movement velocity with the H/Q FUNC ratio higher for males than females. A significant main effect (F (3, 108) = 191.195, p < 0.01) for knee joint angle was observed irrespective of sex and movement velocity, with the H/Q FUNC ratio significantly lower at 15° compared to 30°, 45° and where PT occurred. 
Discussion
Previous studies have suggested that females with decreased hamstrings relative to the quadriceps peak torque may be at increased relative risk of injury [22] . However, the majority of previous data must be viewed with a degree of caution as most previous studies have: a) failed to explore sex differences in the H/Q FUNC ratio using angle specific torque values where injury is most likely to occur; and b) have determined torque in a seated position with the hip flexed. The findings of the current study demonstrated a statistically significant interaction between joint angle and sex for the H/Q FUNC ratio. This interaction indicates that the H/Q FUNC ratio of males and females increases closer to full knee extension but is lower in females compared to males.
To our knowledge this is the first study to have reported significant sex differences in the H/Q FUNC ratio using an angle specific ratio. By using angle specific data we have also been able to demonstrate that the sex difference in the relative angle-specific maximal force producing capability increases as the knee joint moves towards full knee extension. This is attributed to lower eccentric torque production of hamstring muscles compared with concentric torque production of quadriceps muscles as the knee extends in females, compared to males. Although the H/Q FUNC ratio increase as knee moves towards full knee extension our findings are considerably lower than those data that have previously reported angle specific H/Q FUNC ratios [16] . Kellis and Katis [16] reported greater H/Q FUNC ratio values at 0-10° of knee flexion compared to the data in the current study. The reason why we may have found differences compared to the Kellis and Katis [16] study is that they average torque over 10° portions of the movement whereas we used a single angle specific torque value. Testing in the Kellis and Katis [16] study was also conducted in a seated position and we have previously reported that the H/Q FUNC ratio is significantly higher in seated versus a supine position by as much as 21% at faster movement velocities [3.14 rad·s -1 ] [18] . Within the literature it is often cited that a H/Q FUNC ratio of outside the 0.7-1 range suggests an increase in the injury risk [23] . It is important to consider that the H/Q FUNC of 1.0 cited as being representative of producing 'adequate' knee muscle control is based on a value determined using PT and thus from the mid-range of movement. Based on previous studies the functional ratios of below 1.0 for the females in the current study may be attributed to the inability to recruit their entire motor unit pool during eccentric actions, but caution must be taken here as we have not directly measured motor unit activation. According to the current findings showing significant sex differences, injury risk in females may be greater than that of males, due to specific eccentric hamstring weakness when the joint is approaching full extension and with increasing angular velocity. This could possibly represent the inability of the hamstrings to absorb the anterior tibial forces induced by the concentric quadriceps action [3, 13] , although it should be remembered that isokinetic testing occurs at a fixed movement velocity.
However, this potentially has implications for dynamic knee stability near full knee extension and in particular reinforces the need to examine the ratio closer to full knee extension and over a range of movement velocities.
In the current study, at decreased joint angles (closer to full knee extension) the H/Q FUNC ratio at all three angular velocities was increased due to a larger decrease in the quadriceps concentric torque than in eccentric hamstrings torque and is in agreement with previous findings [2, 15, 16] . The current data support previous work on male footballers that reported that the H/Q FUNC at PT was 0.78 compared with over 1.5 near full knee extension [15] . It would appear that this protective mechanism is important, as landing that occurs with a knee angle of less than 30° of flexion places greater load on the ACL compared to landing in more flexed knee positions [24] . In the current study during fast knee extension movements the H/Q FUNC increased with extended joint angle position, indicating a significant capacity of the hamstring muscles to provide dynamic joint control in these conditions. Thus the data of current study support the literature indicating that the H/Q FUNC is enhanced near full knee extension and reinforce the need to evaluate H/Q FUNC ratios at joint angles across the range of movement and especially towards full knee extension.
The reduction in strength that evidenced in the current study by a decline in concentric compared to eccentric torque with increasing angular velocity is in agreements with previous studies [15, 25] . Our results support those observations which have reported that the quadriceps posses' greater concentric torque than the eccentric hamstring muscles at all angular velocities. Hewett et al. [21] reported similar velocity related effects to that of the current study, albeit using the conventional H/Q. However, in contrast to the current study they only found sex differences at faster testing velocities. The significant sex by velocity interaction effect observed in the current study indicates that irrespective of joint angle position the sex difference in the H/Q FUNC ratio increased with increasing movement velocity.
These data suggest that compared to males females have a reduced capacity to control the joint during fast velocity movements which is required to stabilise the joint and protect the anterior cruciate ligament [21] . These findings suggest that movement velocity may be a risk factor in the relative risk of ACL and hamstring injury in female athletes.
The findings of current study support previous observations which have reported a higher H/Q FUNC ratio in males compared with females [21, 26, 27] . This may be due to the proposed quadriceps dominance seen in females quadriceps and/or lower eccentric hamstring torque generating capability compared with males. This reduced ability to co-activate the hamstrings during concentric quadriceps actions has important implications as it provides protection to the knee joint not only against excessive anterior drawer, but also against knee abduction and dynamic lower extremity valgus [28] .
Conclusion
The findings of the current study would suggest that the ability of the muscles to control the joint are influenced by sex, joint angle, and movement velocity. The significant decrease in the H/Q FUNC ratio close to full knee extension and with increased angular velocity, demonstrates compromised muscular control of the joint and has implications in injury risk.
The significant sex difference observed in the current study further identifies females at risk, especially during movements where it is recognised that they flex the knee less than males (for example during landing) [28] . These data reinforce the need to focus on both increasing hamstring eccentric strength and landing mechanics training for females involved in activities that use such movements and on eccentric hamstring conditioning near full knee extension.
